Abstract The effects of external Ca2+ reduction on the biphasic potassium (K) contractures and the action of divalent cations under conditions of the Ca2+ reduction were examined in detail, using frog single twitch muscle fibers. The peak tension of the initial component of 80 mM K+ contractures was greatly potentiated by exposing the fiber to low Ca2+ solution for 30 sec, and the degree of this potentiation was decreased with increasing the exposing time. In contrast, the peak tension of the secondary component was rapidly inhibited by Ca2+ reduction. The potentiation of the initial component was removed by 3 mM Mg2+ or 0.5 mM Ni2+. The inhibition of the secondary component, especially the shortening of its time course, was reversed partially by 3 mM Mg2 + and almost completely by 0.5 mM Ni2 + . The difference between the inhibitory effect of 10 mM Mg2+ or 1-3 mM Ni2+ on the initial component and that on the secondary component was also demonstrated. The tension development of the secondary component was completely inhibited by external Ca2+ reduction for 20 min, but it was observed in the presence of 3 mM Mg2+, although its time course was shorter. These results indicate that the actions of Mg2+ and Ni2+ on the initial component differ from those on the secondary component and suggest the possible mechanisms of the actions of these divalent cations on the biphasic K contractures.
tracture tension developed with various K+ concentrations was inhibited and its time course was shortened without changing the initial rising phase of the contracture. These results indicate that external Ca2+ exerts a direct effect on the K contractures. On the other hand, CAPUTO (1972 CAPUTO ( , 1981 showed that the marked shortening of the time course of K contractures caused by Ca2+ reduction is completely removed by Ni2+ and concluded that extracellular calcium does not play a direct role in maintaining the normal time course of K contractures. Thus, there is discrepancy among the views of LUTTGAU and SPIECKER (1979) , STEFANI (1981, 1982) , and CAPUTO (1972 CAPUTO ( , 1981 . The time course of K contractures is known to be biphasic (the initial and the secondary components) in frog single twitch muscle fibers (CosTANTIN, 1971; TAKAUJI et al., 1980 TAKAUJI et al., , 1982b , and the secondary component is markedly inhibited by external Ca2+ reduction (TAKAUJI et a!.,1980) .
In the present experiments, we examined in detail the effects of the external Ca2+ reduction on the biphasic K contractures and whether divalent cations, especially, Mg2+ and Nit +, can substitute for Ca2+ in maintaining the two components of the contractures. A part of these findings was presented at the 59th and 60th Annual Meetings of the Physiological Society of Japan (TAKAUJI et al., 1982a (TAKAUJI et al., ,1983 .
MATERIALS AND METHODS
The preparation of single fibers from semitendinosus muscle of the frog (Rana japonica), method of the measurement of mechanical responses, preparation of solutions, and chemicals used were described previously (NAGAI et al., 1979; TAKAUJI et al., 1980 TAKAUJI et al., ,1982b .
The composition of experimental solutions used was as follows : normal Ringer solution, 110 mM NaCI, 2.5 mM KCI, 1.8 mNt CaC12, and 10 mM Tris-HC1 (tris-(hydroxymethyl)aminomethane-HCl) buffer (pH 7.2); choline Ringer solution, NaCI in normal Ringer solution was replaced with choline chloride; 80 mM K+ Ringer solution, choline chloride in choline Ringer solution was replaced with 80 mM KCI; 190 mM K+ solution, NaCI, KCI, and CaCl2 in normal Ringer solution were replaced with 95 mM K2SO4 and 8 mM CaSO4. The concentration of ionized calcium in this solution has been found to be about 1 mM (HODGKIN and HoRowICz, 1959) . Both the choline-and the K-Ringer solutions without CaC12 (low Ca2+ solutions) were prepared by omitting CaC12 from the respective solutions. In the low Ca2+ solution used in our experiments, contaminated Ca2+ was below 5 ILM, checked by Cat-selective electrode (Radiometer F2110 Ca).
For reducing the external Cat, normal Ringer solution in the experimental chamber was exchanged with the low Ca2+ solution. The low Ca2+ solution was continuously flowed through the chamber for 30 sec at a rate of 1.0 ml/sec (in the case of the short term, see below) or during the initial 2 min at the same rate and for the following 18 min at 0.1 ml/sec (in the case of the long term, see below). Thereafter, the low Ca2+ K-Ringer solutions were introduced at 2-3 ml/sec. All experiments were carried out at room temperature (20-24°C).
RESULTS
I. Effect of external Ca2+ reduction on the biphasic K contractures
In Fig, 1 , the effect of Ca2+ reduction on the biphasic contracture induced with 80 mM K+ is shown. The time course of the control contracture was biphasic (Fig, lb) , confirming the previous results (COSTANTIN,1971; TAKAUJI et al., 1980 TAKAUJI et al., , 1982b . This biphasic contracture was markedly influenced by exposing The time courses of the, effect of Ca2+ reduction on the peak tensions of the initial and the secondary components are plotted in Fig. 2 (representative of the results obtained with five fibers). The peak tension of the initial component was markedly potentiated as external Ca2+ was reduced. After the peak tension reached the maximum at 30 sec of the Ca2+ reduction, the degree of the potentiation progressively decreased. At 11 min, the developed tension was nearly equal to the control peak tension and was thereafter inhibited with increasing exposure time. This result is comparable with that of KOSAKA et al. (1977) , who did similar experiments with 190 mM K+ contractures in the presence of 1 mM EGTA. On the other hand, the peak tension of the secondary component was rapidly inhibited by the Ca2+ reduction, in contrast to the potentiation of the peak tension of the initial component. The result that shows the initial component of the contractures being potentiated at the initial stage of the Ca2+ reduction is in agreement with that of CAPUTO and GIMENEZ (1967) , who reported that twitch tension and K contracture tension were strongly enhanced within 2 min when single muscle Japanese Journal of Physiology fibers were exposed to low Ca2+ solutions. In addition, the result that shows the peak tension of the initial component being inhibited at 20 min after Ca2+ reduction is comparable with those of FRANK (1960) and KOSAKA et al. (1977) . CAPUTO and GIMENEZ (1967) noticed the potentiating effect as the short term effect of the Ca2+ reduction. With respect to this, the inhibitory effect of Ca2+ reduction previously reported by FRANK (1960) and by KOSAKA et al. (1977) and the effect observed in the present paper may be regarded as the long term effect of Ca2+ reduction.
II. Effects of divalent cations on the initial and the secondary components in low Ca2+ solution 1. Effects of Mg2+ and Ni2+ on the short term effect of Ca2+ reduction. Shown in Fig. 3 are the effects of various concentrations of Mg2+ on the 80 mM K+ contracture modified by exposing the fiber to low Ca2+ solution for 30 sec (short term effect of Ca reduction). In the presence of 3 mM Mg2+ (Fig. 3c) , the peak tensions of the initial and the secondary components reached equal values to those of the respective controls (Fig. 3a) . But the time course of the secondary component was considerably short compared with that of the control. This result agrees with those of LUTTGAU and SPIECKER (1979 ) and COTA and STEFANI (1981 , 1982 . The peak tensions of the initial and secondary components were inhibited by 5 mM Mg2+ to 85 and 44 % of control value, respectively (Fig. 3d) . By 10 mM Mg2+, the tension development of the initial component was completely inhibited and that of the secondary component was hardly observed (Fig. 3e) . Similar results were obtained with three other fibers. Similar experiments described above were carried out using Ni2+ (Fig. 4) . 0.5 mM Ni2+ is known to be equivalent to 1.8 mM Ca2+ or 3 mM Mg2+ in its stabilizing action on fiber membranes (HILLS et al., 1975) . The change induced by Ca2+ reduction on the 80 mM K+ contractures was removed by application of 0.5 mM Ni2+ (Fig. 4c) . A similar effect of 0.5 mM Ni2+ was observed on the long term effect of Ca2+ reduction (not shown here). These results agree with those of CAPUTO (1972 CAPUTO ( , 1981 , who indicated that Ni2+ can substitute for Ca2+ in excitation-contraction coupling (E-C coupling). Corresponding to the 5 and 10 mM Mg2+, 1 and 3 mM Ni2+ in low Ca2+ solution markedly inhibited the peak tensions of both components (Fig. 4d, e) . The degree of the inhibition was larger in the initial component than in the secondary component. The time course of the secondary component was also markedly prolonged by 1 and 3 mM Ni2+ (Fig. 4d, e) . Similar results were obtained with four other fibers.
2. Effects of Mg2+ on the long term effect of Ca2+ reduction. The peak tensions of the initial and the secondary components were markedly inhibited, after 20 min exposure of the fiber to low Ca2+ solution (long term effect of Ca2+ reduction, Fig. 5b) . In low Ca2+ solution with 3 mM Mg2+ (Fig. 5c) , the peak tension of the initial component was almost equal to that of the control, indicating concentrations (x) are indicated at the right of each temp., 22°C. Other conditions are as stated for that the inhibition of the initial component induced by the Ca2+ reduction was reversed by 3 mM Mg2+, while the peak tension of the secondary component was still inhibited to about 60% of the control value and also the time course was shortened. These results indicate that the effect of 3 mM Mg2+ on the long term effect of the Ca2+ reduction is similar to that on the short term effect (Fig. 3c) . The effects of high Mg2+ concentrations (4 and 5 mM) are shown in Fig. 6 . Both 4 and 5 mM Mg2+ strongly inhibited the peak tensions of both components. The mode of this inhibition resembles that obtained by 10 mM Mg2+ in the short term shown in Fig. 3e . Similar results shown in Figs. 5 and 6 were obtained with three other fibers.
DISCUSSION
The peak tension of the initial component of 80 mM K+ contractures was potentiated by Ca2+ reduction for 30 sec (Figs. 1-4 ). This potentiation was not observed in the presence of 3 mM Mg2+ or 0.5 mM Ni2+. Thus, both 3 mM Mg2+ and 0.5 mM Ni2+ seem to exert an effect similar to 1.8 mM Ca2+ for the tension development of the initial component. On the other hand, the peak tension of Vol. 34, No. 3, 1984 the initial component was inhibited by Ca2+ reduction for 20 min and this inhibition was reversed in the presence of 3 mM Mg2+ (Fig. 5) . These results may be explained by stabilizing actions of these cations on fiber membranes (HILLS et al., 1975; .DORRSCHEIDT-KAFER, 1976 , 1979 LUTTGAU and SPIECKER, 1979) . In contrast to this, there was a clear difference in effect between Mg2+ and Ni2+ on the secondary component; the inhibition of the secondary component, especially the shortening of its time course, induced by external Ca2+ reduction in the short term was only partially reversed by 3 mM Mg2+, whereas it was almost completely reversed by 0.5 mM Ni2+ (Figs. 3-5) . These results confirm those of LUTTGAU and SPIECKER (1979) , COTA and STEFANI (1981 , 1982 ), and CAPUTO (1981 . It has been shown that 3 mM Mg2+ can sufficiently substitute for 1.8 mM Ca2+ in stabilizing action STEFANI, 1981, 1982) , and it was also indicated that the stabilizing action of 3 mM Mg2+ is similar to that of 0.5 mM Ni2+ (Figs. 3 and 4 , foregoing description). Therefore, the effect of Mg2+ or Ni2+ on the secondary component could not be explained only by the stabilizing actions of these cations on the fiber membranes. TAKAUJI et al. (1980 TAKAUJI et al. ( , 1982b described that the E-C coupling mechanism of Japanese Journal of Physiology the initial component of K contractures may differ from that of the secondary component; the development of the initial component may be due to the Ca release from SR through the depolarization of transverse tubular membrane (T-membrane) induced by the inward spread of the depolarization of surface membrane, whereas the development of the secondary component could be due to Ca influx in response to the direct depolarization of T-membrane with K+ . Considering this possibility, the finding that the effects of Mgt + and Nit + on the initial component differ from those on the secondary component (Figs. 3c and 4c ) may be explained from the viewpoint of the biphasic K contractures; such different effects may be due to the difference between the actions of these divalent cations on the activation mechanism of the initial component and those of the secondary component. CAPUTO (1972 CAPUTO ( , 1981 and CAPUTO and FERNANDEZ DE BOLANOS (1979) have proposed a model to interpret the peak tension and the time course of K contractures in terms of an activation and an inactivation mechanism (Caputo model) . LUTTGAU and SPIECKER (1979 ) and COTA and STEFANI (1981 , 1982 explained the effect of external Cat + reduction and the effect of Mgt + on the Cat reduction according to this model. FRANKENHAEUSER and LANNERGREN (1967, see their Figs. 1 and 4) showed that the inactivation curve is more greatly displaced to lower K+ concentrations by external Ca2+ reduction than the activation curve. LUTTGAU and SPIECKER (1979, see their Fig. 5 ) also demonstrated that only the inactivation curve markedly shifts to the left without any modifications in the activation curve after replacing 3 mM Ca2+ with 3 mM Mg2+ and 2.5 mM EGTA, and they considered that the shortening of the time course of K contractures under these conditions may be due to the facilitation of inactivation. In view of these reports, assuming that the respective components of biphasic K contracture are comparable to the peak tension and the time course of the usual K contractures in the Caputo model, an alternative possibility to account for the difference between the Mg2+ and Ni2+ effects on the initial component and those on the secondary component (Figs. 3c and 4c) is that the effects of these cations on the activation process differ from those on the inactivation process. Thus, the above mentioned effects of divalent cations in high concentrations on the initial and the secondary components of K contractures (Figs. 3, 4 , and 6) may also be explained as their effects on the activation and inactivation processes. However, the mechanisms of such actions of divalent cations on these processes are not clear at present. Further investigations on this problem are in progress. STEFANI (1981, 1982) have concluded that external Ca2+ has a direct effect, which is not due to a simple stabilizing action on fiber membranes, in maintaining the tension during the K contractures. They also have proposed several possible mechanisms responsible for the direct effects. CAPUTO (1981) assumed that external Ca2+ stabilizes one of the steps of E-C coupling that regulates Ca release from the SR. The results of CAPUTO (1972 CAPUTO ( , 1981 and our present data indicate that Ni2+ can substitute for external Ca2+ in developing tension and in maintaining a normal time course of the secondary component (Fig. 4) and suggest that at least Ca influx (BIANCHI and SHANES, 1959; BIANCHI, 1968) or a slow inward Ca current (BEATY and STEFANI, 1976; STANFIELD, 1977; SANCHEZ and STEFANI, 1978 ) may be excluded from the possible mechanisms of the direct effect of external Ca2+ on K contractures STEFANI, 1981, 1982) .
